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ABSTRACT 
Study of the Effect of SRT on Microbial Diversity in Laboratory-
scale Sequencing Batch Reactors Using Acclimated and Non-
Acclimated Seed 
Berenice Garcia Tellez 
Solids Retention Time (SRT) is an important design parameter in activated sludge 
wastewater treatment systems.  In this study, the effect of SRT on the bacterial 
community structure and diversity was examined in replicate lab-scale activated 
sludge sequencing batch reactors were operated for a period of 8 weeks and seeded 
with acclimated or non-acclimated sludge.  Four SBRs (acclimated) were set up as 
duplicates and operated at an SRT of 2 days, and another set of four SBRs (non-
acclimated) were operated at an SRT of 10 days.  To characterize the microbial 
community in the SBRs, 16S rRNA gene pyrosequencing was used to measure 
biodiversity and to assess the reproducibility and stability of the bacterial community 
structure in replicate reactors.  Diversity results showed that SBRs operated at an SRT 
of 10 days are more diverse than SBRs operated at an SRT of 2 days.   
This suggests that engineering decision could enhance diversity in activated sludge 
systems.  Cluster analysis based on phylogenetic information revealed that the 
bacterial community structure was not stable and replicated SBRs evolved differently. 
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I. INTRODUCTION 
Microbial world has become an important resource for humans given the fact that 
microorganisms are able to provide innovative applications for food production, 
bioleaching of metals, fertilizers, biofuels, monitoring pollutants, bioremediation, 
wastewater treatment and others [26]. 
Activated sludge process is a well-known engineered system for treating 
wastewater. This process requires microorganisms to carry out biological conversions 
(removal of organic matter, nitrogen and phosphorous) and based on that, their 
performance depends on the microbial diversity present within the activated sludge.  
Therefore, studies on microbial ecology have tried to explain the relationship between 
bacterial communities and their interaction with their environments. 
Traditional culture dependent techniques cannot isolate all the bacteria 
present in activated sludge [1]. Thus, culture independent methods are being utilized 
to analyze microbial diversity in wastewater because they provide knowledge not only 
from a phylogenetic and taxonomic perspective but also from an ecological approach. 
Basically, they involve direct extraction of nucleic acids from environmental 
samples, amplification of DNA by polymerase chain reaction (PCR) and the 
subsequent analysis of amplified products through genetic fingerprinting techniques. 
Community structure and diversity of microorganisms can be detected by slight 
differences in the specific DNA sequences that represent their critical genes.  These 
changes can be analyzed by molecular techniques that separate and identify PCR- 
amplified products. For example, terminal restriction fragment length polymorphism 
(T- RFLP) analysis, combines genomics/RFLP, PCR and electrophoresis tools. Its 
16 
 
principle is based on measuring the size polymorphism of terminal restriction 
fragments from a PCR-amplified marker [26].  
Other techniques, denaturing gradient gel electrophoresis (DGGE) and TGGE  
(thermal-GGE) base their separation on decreasing electrophoretic mobility of a  
partial melted double-stranded DNA molecule in polyacrylamide gels, containing a 
linear gradient of a denaturing reagent or a linear temperature gradient [26]. 
Several studies have reported the importance of the correlation of operational 
parameters with bacterial diversity in activated sludge.  For example, an ecology-
based mechanistic model can provide predictions of the impact of solids retention time 
(SRT) on the diversity of bacterial species in activated sludge system [35]. The 
model predictions were validated experimentally by running lab-scale sequencing 
batch reactors (SBRs) at different SRTs and using T-RFLP to assess bacterial 
diversity [37].  Both model predictions and experimental results showed that 
diversity was enhanced at low SRT.  
However, another study evaluated the effect of SRT in replicate SBRs 
operated at different SRTs and the results showed weak changes in the microbial 
diversity of detectable bacteria at different SRTs using DGGE. The authors postulated 
that SRT could have a larger effect on the diversity of rare species, which are not 
detected using DGGE [3]. Both T-RFLP and DGGE detect only the dominant taxa in 
the community. Next generation sequencing technology such as the 454 
pyrosequencing technology, allows the detection of both dominant and rare taxa in the 
community. The 454 pyrosequencing is capable of obtaining DNA sequence reads 
at a length up to  400 bp simultaneously by nucleotide synthesis reactions taking 
place on micro-beads. Using this novel sequencing approach, selected hyper-variable 
17 
 
regions of the 16S rRNA gene sequences will be PCR amplified and the PCR 
amplicon will be directly used as the DNA template for pyrosequencing. Hundreds of 
samples can be mixed and sequenced simultaneously by using bar-coded (tag) 
primers and a few thousands reads of partial 16S rRNA gene sequences can be 
generated for individual samples.  Nina Sanapareddy [38] used pyrosequencing to 
probe the molecular diversity of the aerobic basin of a wastewater treatment plant in 
Charlotte, NC.  
Therefore, the objective of this study was to test the effect of SRT on bacterial 
diversity in lab-scale SBRs using 16S rRNA gene pyrosequencing. As second 
objective was to examine the evolution and reproducibility of the microbial 
community structure in replicate SBRs using acclimated vs. non-acclimated seed. 
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I. LITERATURE REVIEW 
 
Diversity consists of two parts richness and evenness, where higher diversity refers 
to communities with many different species (richness) in relatively equal 
abundance (evenness).  Measuring these parameters is useful to assess effects on 
community diversity such as physical disturbances, pollution, nutrient addition, 
predation, climate change, etc [26]. 
Microbial diversity can be analyzed by two different approaches: culture 
dependent and culture independent studies. In the first one, culture medium is used 
to isolate bacteria from environmental samples and diversity is determined by 
isolating strains based on their phenotypic characterization.  Currently, these methods 
can be used only on isolated and cultured bacteria since it is not possible to grow 
bacterial species, from complex environments, using standard laboratory culturing 
techniques. 
In the past two decades culture independent molecular techniques, particularly  
PCR-based methods have been applied to characterize the microbial community 
structure and diversity in environmental samples, where nucleic acids are extracted 
from the cells and PCR amplified 16S rRNA gene fragments are separated using 
molecular cloning or fingerprinting techniques such as DGGE or T-RFLP [26]. 
 
2.1  Microbial Ecology of Activated Sludge 
Activated sludge wastewater treatment processes are one of the oldest 
biotechnology responsible for the removal of organic carbon and nutrients (N and P) 
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from wastewater.  Molecular biology techniques have identified key microbial 
functional groups in activated sludge responsible for nutrient removal and sludge 
bulking and/or foaming in activated sludge systems, providing new insights into the 
diversity, functionality and assembly of these uncultivated microorganisms. 
 
2.1.1 Nitrogen Removal 
It comprises three steps process: nitrification, denitrification and anaerobic 
ammonium oxidation (anammox) [11]. 
Nitrification is one of the most important steps in nitrogen removal from sewage, 
principally, for reducing eutrophication of receiving water and toxicity of ammonia 
and nitrite since it causes an immediate risk to aquatic life [11]. Nitrification is 
catalyzed successively by aerobic chemolithoautotrophic ammonia-oxidizing bacteria 
(AOB) and nitrite-oxidizing bacteria (NOB). 
Molecular techniques have identified that neither N. europaea nor Nitrobacter 
are important for nitrogen removal in wastewater treatment as it was assumed using 
culture- based methods. For example, uncultured nitrite oxidizers closely related to 
the genus Nitrospira, and not Nitrobacter, was identified by in situ techniques as the 
most important NOB in WWTP, suggesting that these NOB react differently to 
alterations in the growth conditions that take place, rarely, in activated sludge process 
[11]. 
 
2.1.2 Phosphorous Removal 
Biological elimination of phosphorus in WWTP is achieved through enhanced 
biological phosphorus removal (EBPR), which uses bacteria able to accumulate 
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polyphosphate intracellularly called polyphosphate accumulating organisms (PAO) 
and the glycogen accumulating organisms (GAO) [11]. Previous cultured studies 
have suggested that Acinetobacter spp. were the PAO responsible for EBPR in 
activated sludge; nevertheless, molecular studies have revealed intervention of new 
uncultivated PAO microorganisms in both laboratory and full-scale EBPR systems, 
known as: betaproteobacterium Candidatus Accumulibacter phosphatis [11].  
 
2.1.3 Filamentous Growth and Sludge Bulking 
Bulking and foaming often cause excess growth of filamentous bacteria, resulting in 
sludge settling problems. In addition to that, stable foam is also formed on the surface 
of the sludge basin due to high amounts of these microorganisms.  
These phenomena lead to operational difficulties, making it hard to separate 
the sludge from treated wastewater [11].Currently, there is an interest to identify the 
filamentous bacteria in WWTPs and to characterize their physiological properties in 
order to develop specific control strategies to inhibit their growth [43]. 
 
2.2 Relationship between Microbial Ecology and 
Environmental Engineering 
Typically, wastewater treatment is studied by two groups; namely microbiologists 
and engineers, with totally different objectives. Microbial ecology has acquired 
novel advances into phylogenetic identity of microorganisms that have an impact on 
wastewater treatment. On the other hand, engineers transform this knowledge into 
novel technical implementations to optimize process performance. As a result, both 
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approaches have already improved knowledge of which micro-organisms are 
relevant to treat and enhance wastewater process.  For example, Saikaly and Oerther 
[35] have developed an ecology-based mechanistic model to predict the impact of SRT 
on the diversity of bacterial species in activated sludge systems. This study reported 
that varying the SRT improves biodiversity. Results suggested that bioreactors 
operated at an SRT range of 2.28 to 5.66 days present greater diversity compared to 
those operated at an SRT greater than 5.66 days [35]. 
Further research was carried out using T-RFLP to evaluate the effect of SRT 
on bacterial diversity as well as reproducibility and stability of the microbial 
community in lab-scale SBRs operated at an SRT of 2 and 8 days.  The test results 
showed that reactors operated at an SRT of 2 days were more diverse than those 
operated at an SRT of 8 days. However, this study could not determine what makes a 
reactor with SRT of 2 days to have a higher diversity [37]. 
Another study addressing the effect sludge age on the bacterial diversity in lab-
scale SBRs using DGGE concluded that the impact was slow but effluent quality and 
biomass declined with a decrease in SRT [5]. In addition, the authors speculated that 
a change in sludge age has effects on diversity of rare taxa that cannot be detected 
using DGGE. Studies using novel sequencing technology such as pyrosequencing 
can overcome the limitations of traditional fingerprinting techniques such as DGGE 
and T-RFLP. Besides the impact of SRT, community assembly and reproducibility are 
two important concepts that have been studied extensively in activated sludge. 
Theoretically, the presence of high functional redundancy allows the assembly of 
different microbial communities in replicate reactors.  That is, when one 
microorganism is lost from the medium, another one may occupy the open niche in 
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order to preserve system function [6, 7]. Applying the previous concept, Joaquin 
Ayarza et al. [6] investigated whether selected populations in activated sludge flocs 
are randomly recruited from a pool of redundant species in the community (neutral 
theory) or whether there are assembly rules (deterministic theory).The study 
concluded that assembled communities present in l replicate lab-scale SBRs were 
notably more similar than expected by random selection from the source community. 
These results could agree with niche-based theories, which involve a deterministic 
selection of specific microorganisms that are best adapted to the environment. On the 
other hand, neutral theories rely on stochastic processes of births, deaths, and 
immigration of species, which are believed as functionally equivalent. Thus 
combining both theories and one could predict the species abundance present in 
the system [6, 7]. 
Typically, lab-scale bioreactors are inoculated with a non-acclimated sludge 
collected from a real wastewater treatment plant and are normally fed synthetic 
wastewater instead of real wastewater.  A recent study concluded that acclimation of 
the seed inoculum to laboratory conditions is necessary for the microbial communities 
to evolve equally in replicate lab-scale reactors under stable operating conditions [12]. 
Therefore, addressing the impact of SRT using 16S rRNA gene 
pyrosequencing could give a greater resolution on the bacterial diversity in activated 
sludge systems. In addition investigating whether replicate SBRs evolve similarly 
using acclimated vs. non-acclimated sludge would provide a better insight on 
community dynamic and reproducibility in lab-scale bioreactors. 
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III.MATERIALS AND METHODS 
The following methodology was carried out to evaluate the effect of SRT on 
microbial diversity and to test reproducibility and dynamicity in the bacterial community 
structure of replicate lab-scale SBRs seeded with acclimated and non-acclimated sludge. 
 
3.1 Bioreactor Setup 
3.1.1 Acclimated Inoculum 
The seed inoculum was obtained from a domestic wastewater treatment in Jeddah and 
acclimated in a batch reactor for 6 weeks with an HRT of 2 days (Fig. 3.1).   
During this period, the inoculum was fed, daily, with 10 L of synthetic wastewater 
containing 6 g NaCH3COO, 1.66 g NaHCO3, 32.1 g NH4Cl, 34.846 g NaH2 PO4, 27 g 
MgSO4·7H2O, 10.8 g KCl, 4.2 g CaCl2·2H2O, 0.9 g EDTA, 0.3 g yeast extract, 5 g 
FeSO4·7H2O, 0.05 g H3BO3, 1.60 g CuSO4 ·5H2O, 0.01 g KI, 5 g MnCl2·4H2O, 1.10 
g (NH4)6 Mo7 O24 ·4H2O, 2.20 g ZnSO4·7H2O and 0.05 g CoCl2·6H2O [26].  
After one week of operation without wastage, the reactor was operated for 5 
weeks in a sequencing batch mode at an SRT of 10 days with one cycle per day 
consisting of: feeding for 5 min, aeration for 23 h, wastage for 5 min, settling for 50 
min, and decanting for 10 min. 
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Figure 3.1: Acclimation experiment. 
 
3.1.2  Effect of SRT and Reproducibility Experiment 
Experiments were designed to assess the impact of SRT using acclimated (section 3.1) 
and non-acclimated seed.  Four SBRs were set up as duplicates and operated with an 
SRT of 2 days, and another set of four SBRs were operated with an SRT of 10 days 
(Fig. 3.2). 
Reactors A-R1-2d, A-R2-2d, A-R1-10d, and A-R2-10d were started with an 
acclimated sludge (see section 3.1.1).  Whereas, reactors NA-R1-2d, NA-R2-2d, 
NA-R1-10d and NA-R2-10 d were inoculated with a non-acclimated sludge 
collected from a domestic WWTP in Jeddah, Saudi Arabia. 
Daily, synthetic wastewater containing (per liter of water): 512 mg NaCH3 
COO,166 mg NaHCO3, 107 mg NH4Cl, 75.5 mg NaH2PO4·2H2O, 90 mg 
MgSO4·7H2O, 36 mg KCl, 14 mg CaCl2·2H2O, 18 mg EDTA, 1 mg yeast extract, 1.5  
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Figure 3.2: Design experiment (NA refers to SBRs with non-acclimated seed and A refers 
to SBRs with acclimated seed; R1 and R2 refer to duplicate reactors 1 and 2; 2d 
refers to SRT of 2 days and 10d refers to SRT of 10 days). 
 
mgFeSO4·7 H2O, 0.0015 mg H3BO3, 0.48 mg CuSO4 .5H2 O, 0.003 mg KI, 1.5 mg 
MnCl2 ·4H2O, 0.33   mg (NH4)6Mo7O24·4H2O, 0.66 mg ZnSO4 ·7H2O, and 0.015 mg 
CoCl2·6H2O was fed to the reactors (2 L/cycle) [26].  
Feeding, sludge wastage, and decanting were done using a commercial 
peristaltic pump (Masterflex L/S, Cole-Parmer). Mixing was distributed evenly in all 
reactors by air stones connected to air pumps. All pumps were accurately 
programmed for the four cycles by timer controllers (Chron Troll). The reactors were 
kept at a constant temperature room of 21°C. Table 3.1 shows the evolution of time 
for the SBRs operation. The experimental flowchart is shown in Figure 3.3. 
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                                            Figure 3.3: Experimental flowchart. 
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3.2 Chemical and Physical Analysis 
Weekly, samples were collected from the feed and effluent to measure COD, 
ammonia- nitrogen (NH3-N), nitrite-nitrogen (NO3 -N) and nitrate-nitrogen (NO2 -N) 
of the SBRs using HACH Test-N Tube reagents (Table 3.1). A scanning 
spectrophotometer (HACH, DR 280/5000, and DRB 200) was used for absorbance 
measurements.  
An ion-specific potentiometer was used to measure pH. The total suspended 
solids and volatile suspended solids were determined according to Standard Methods 
for the Examination of Water and Wastewater.  Millipore Equipment was used to 
perform TSS/VSS analysis (Fig. 3.4). 
 
Table 3.1: Operation date of sequencing batch reactors. 
Date Operation 
3/06/11 74/18/11 Acclimation of the domestic deed (Fig. 3.1) 
4/18/11 Set up of SBRs with acclimated and 
non-acclimated Inoculum (Fig. 3.3) 
4/18/11 7 4/30/11 No wastage / SRT infinity 
4/30/11 7 5/7/11 Gradual decrease in SRT for 10 and 2 days 
5/7/11 7 6/29/11 Effect of SRT and reproducibility experiment 
in acclimated and non-acclimated inoculum 
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Figure 3.4: Millipore Equipment 
 
The sludge volume index (SVI) was measured using modified 30-minute 
sludge volume index according to the Standard Methods for the Examination of 
Water and Wastewater [4]. This particular experiment was modified from the original 
using a 100-ml graduated cylinder instead of 1-liter graduated. SVI-modified is 
calculated according to equation (3.1) given by [4]. 
 
                   
   
   mlVLmgTSS
gmgmlSV
gmlSVI
t*/
/1000*
/ 30                                                   (3.1)
 
 
where SV30  is the settled volume after 30 min, TSS is total suspended solids and Vt  
is the volume of the cylinder. 
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Table 3.2: Chemical analysis tests. 
  
 
3.3 Microbial Analysis 
3.3.1 Sampling and DNA Extraction 
Mixed liquor samples (1 ml each) were collected in a 2-ml screw cap centrifuge tubes 
from each bioreactor for microbial community analysis.  Samples were collected in 
triplicates. Tubes were centrifuged at 10,000 rpm for 5 min and the supernatant was 
Chemical 
Analysis 
Sample Method Range Units Wavelength  
Chemical 
Oxygen 
Demand 
(COD) 
Influent USEPA 
Reactor 
Digestion 
Method 
High range: 
20-1500 
mg/L COD 
mg/L 
COD 
420 nm  
 
Chemical 
Oxygen 
Demand 
(COD) 
Effluent USEPA 
Reactor 
Digestion 
Method 
Low range: 
3-150 mg/L 
COD 
mg/L 
COD 
620 nm  
Ammonia
-nitrogen 
Influent 
and 
Effluent 
10031: 
Salicylate 
Method 
High range: 
0.4-50.0 
mg/L NH3-
N 
mg/L 
NH3-N 
655 nm  
Nitrate-
nitrogen 
Effluent  
10020: 
Chromotro
pic Acid 
Method 
0.2-30.0 
mg/L NO3
-
-
N 
mg/L 
NO3
-
-N 
410 nm  
Nitrite-
nitrogen 
Effluent  
8153: 
Ferrous 
Sulfate 
Method 
High 
Range: 
2-250 mg/L 
NO2
-
N 
mg/L 
NO2
-
-N 
585 nm  
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discharged.  Genomic DNA from was extracted using the Power Soil DNA extraction 
kit (MO BIO Laboratories, Carlsbad, CA, USA) according to the manufacturers 
protocol, where cells were disrupted by chemical and physical methods in a Mini-
Bead Beater (BioSpec Products) for 2 minutes. The isolated DNA was stored at -20 
°C until used.  The quality (A260/A280) and quantity (A260) of extracted genomic 
DNA was determined with a Nanodrop® (NanoDrop Technologies, Wilmington, DE) 
spectrophotometer. The extracted DNA from each sample was amplified in triplicate 
using PCR conditions below. 
 
3.3.2  PCR Conditions 
Touchdown PCR was performed to increase the specificity of the PCR by using a 
cycling program with varying annealing temperatures. Three replicate PCR reactions 
were done for each sample in a 25- µl reaction volume containing 1X PCR buffer 
which has 200 µm each deoxynucleoside triphosphate (dNTP), 1.5 mM MgCl2, 
0.025 U of Taq DNA polymerase / µl (Hot Star Taq Plus MasterMix, QIAGEN), 10 
picomoles of each primer, and 1 µl DNA extract. The extracted DNA was amplified 
with bacterium-specific forward primer 515F (5’-Lib-L/A-Key-Barcode-
GTGYCAGCMGCCGCGGTAA-3’) and reverse primer 909R (5’-Lib-L/B-Key-TC 
linker-CCCCGYCAATTCMTTTRAGT-3’). 
These primers are specific for conserved bacterial 16S rDNA sequences. A 
unique reverse primer was used for all samples, while different 5’-nucleotide bar-
coded forward primers were used for each sample, so that a unique bar-coded primer 
combination can be applied to each specific DNA template source to generate 
homologous DNA amplification products from multiple specimens. PCR was 
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performed using a C1000 Thermal Cycler (BIO RAD) with the following touchdown 
PCR cycle program: initial denaturation at 95°C for 5min, followed by 10 cycles 
of denaturation at 94°C for 1 min, annealing for 1 min, and extension at 72°C for 1 
min. The annealing temperature for these 10 cycles decreased 0.5°C every cycle 
starting from 65°C, until it reached 60°C. This was followed by 25 cycles of 
denaturation at 94°C for 1 min, annealing for 1 min at 60°C, and extension at 72°C 
for 1 min.  
Unique 500-bp PCR products (25 µl) were verified visually with 
electrophoresis (Thermo Scientific EC300 XL) 1.2% agarose gel in 1X Tris-borate-
EDTA. Before loading, 2X SYBER Green I Stain (Lonza) and 1X GelPilot DNA 
Loading Dye (Qiagen) were added to the PCR products. Gel electrophoresis was run 
for 90 min at 70 volts, and the gel was visualized using a Gel DOC XR Imaging 
System (BIO RAD). The 500- bp band of each sample was excised and purified 
using a Qiaquick gel extraction kit (QIAGEN) according to the manufacturer’s 
protocol. Purified PCR products for 454 pyrosequencing of PCR amplicons from 
hyper variable regions in the 16S rRNA gene was conducted using the Roche 
Genome Sequencer 454 FLX Titanium in the Bioscience Core Lab at KAUST. 
 
3.3.3 Data Analysis 
The 16S rRNA gene fragments were phylogenetically assigned according to their best 
matches to sequences based upon BLASTn against Genebank and accurate 16S 
database derived from high-quality 16S sequences in RDPII database [44]. Cluster 
analysis based on the 16S rRNA gene sequences was conducted using Fast-UniFrac  
[17], statistical comparison software that uses phylogenetic information and 
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multivariate techniques (e.g., principal component analysis) to determine whether 
microbial communities are significantly different. Diversity analyses were conducted 
using MOTHUR [39]. The data analysis process is shown in Figure 3.5. 
 
 
 
 
 
 
 
 
 
 
 
                                        
Figure 3.5: Data analysis process.
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IV.RESULTS 
4.1 SBRs Performance 
4.1.1 Chemical Analysis 
4.1.1.1 COD 
 
 Figure 4.1: Influent and effluent COD concentrations at different sampling times. All   
symbols represent average values from duplicate reactors with their  
respective standard error. 
 
Throughout the experimental period, the effluent COD was below 40 mg/L 
and followed a similar trend in all the reactors (Fig. 4.1). SBRs with an acclimate 
sludge evolved similarly unlike non-acclimated sludge. 
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4.1.1.2 Nitrification 
Nitrification in the SBRs was assessed by measuring effluent NH3-N, NO2 -N, and 
NO3 - N. The influent and effluent NH3-N concentrations are shown in Figure 4.2. 
The NH3 - N values for SBRs operated at an SRT of 2 and 10 days fluctuated 
over time.  The maximum NH3-N removal was observed in SBRs operated at an 
SRT of 10 days and seeded with an acclimated sludge. 
  
Figure 4.2: Influent and effluent NH3-N concentrations at different sampling times. All 
symbols represent average values from duplicate reactors with their respective 
standard error. (a) SRT 2 days, (b) SRT 10 days. 
 
Partial conversion of ammonium to nitrite was observed in SRT of 2 and 
10 days. The reactors operated at an SRT of 2 days followed approximately the 
same trend with average effluent NO2-N concentration varying between 13.8 and 
1.5 mg/L. The behavior of the SBRs operated at an SRT of 10 days was different in 
the first sampling period, but then the 2 sets of reactors followed the same trend in 
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terms of effluent NO2-N (Fig. 4.3). 
 
      Figure 4.3: Effluent NO2-N concentrations at different sampling times. All symbols 
represent average values from duplicate reactors with their respective 
standard error. (a) SRT 2 days, (b) SRT 10 days. 
 
As for effluent NO3-N concentrations (Fig. 4.4), all SBRs showed a similar 
trend   with the exception of SBRs (acclimated) operated at an SRT of 10 days, which 
exhibited almost complete nitrification (effluent NH3-N: 1.5 mg/L; effluent NO2-N: 
1.5 mg/L). On the contrary, all the other SBRs exhibited low nitrification with 
effluent NO3-N concentrations ranging between 1.7 and 0.3 mg/L. 
 
4.2 Physical Analysis 
In addition to COD removal and nitrification, pH, variation of biomass concentration 
(VSS) and SVI at each SRT were measured for acclimated and non-acclimated SBRs. 
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      Figure 4.4: Effluent NO3-N concentrations at different sampling times. All symbols 
represent average values from duplicate reactors with their respective 
standard error. (a) SRT 2 days, (b) SRT 10 days. 
 
4.2.1 pH 
For SRT of 2 days, the pH ranged between 8.1 and 8.6, whereas for SRT of 10        
days it ranged between 7.8 and 8.5 (Table 4.1). 
 
4.2.2 VSS 
The initial VSS concentrations for acclimated and non-acclimated SBRs were 
significantly different, but this difference decreased with time (Fig. 4.5).  
Surprisingly, the VSS concentration for non-acclimated SBRs operated at SRT of 10 
days decreased from almost 3000 mg/L on day 0 to 500 mg/L on week 9; whereas, 
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Table 4.1: pH values. 
 
 
 
 
 
 
 
 
the VSS values for the acclimated SBRs started with 480 mg/L on day 0 and reached 
values around 1500 mg/L on week 6 (Fig. 4.5). 
 
 
 
 
 
 
 
 
 
Figure 4.5: VSS concentrations at different sampling times. All symbols represent average 
values from duplicate reactors with their respective standard error. (a) SRT 2 
days, (b) SRT 10 days. 
SBR Arrangement pH    Range 
Acclimated SRT 2days 8.2←→8.6 
Not Acclimated SRT 2 days 8.1←→8.6 
Acclimated SRT 10 days 7.8←→8.4 
Not Acclimated SRT 10 days 7.8←→8.5 
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4.2.3 SVI 
SVI is an important parameter affecting the performance of the system. Low SVI 
values (SVI<100 ml/g) indicate good settling properties of the sludge.  The SVI
values observed in this study varied considerably between the acclimated and non-
acclimated SBRs (Fig. 4.6).  Values higher than 200 ml/g were observed for the non-
acclimated seed throughout the experimental period (Fig. 4.6b). High SVI values are 
an indication of sludge bulking.  For the acclimated SBRs (Fig. 4.6a) SVI values 
were low (<170 ml/g) except for reactor A-R1-10d. The best settling property was 
observed in the acclimated SBRs operated at an SRT of 2 days (Figs 4.6a and 4.7). 
 
Figure 4.6: SVI for acclimated (a) and non-acclimated (b) SBRs. 
 
 
 
Also, reactor A-R2-10d showed good settling (Fig. 4.8). Unlike acclimated 
SBRs, non-acclimated SBRs exhibited poor settling property (Fig. 4.9). 
 
        
39 
 
 
 
 
 
 
 
 
 
 
Figure 4.7: Acclimated SBRs at SRT 2 days, photo taken on week 9 during the settling 
phase. Reactor in the front is A-R2-2d and the reactor in the back is A-R1-2d.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8: Acclimated SBRs at SRT 10 days, photo taken on week 9 during the settling 
phase. Reactor in the front is A-R2-10d and the reactor in the back is A-R1-10d. 
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Figure 4.9: Photo showing poor settling for the non-acclimated SBRs operated at an SRT  
of 10 and 2 days. Photo was taken on week 9 during the settling phase. The 
reactors from left to right: NA-R1-2d, NA-R2-2d, NA-R2-10d and NA-R1-10d.
 
4.3 Microbial Community Structure 
Taxa classification was determined using RDP classifier. For SBRs started with an 
acclimated seed, alpha-, beta- and gamma-proteobacteria were the predominant 
classes at almost all sampling periods (Figs 4.10 and 4.11).  For SBRs started with a 
non-acclimated sludge and operated at an SRT of 2 days, several taxa were dominant 
during the first 5 weeks of operation, but the number of taxa declined after week 5 
with beta-proteobacteria becoming the dominant taxa (Fig. 4.12).In contrast the 
dominant taxa varied throughout the experimental period for non-acclimated SBRs 
operated at an SRT of 10 days (Fig. 4.13). 
In general, replicate SBRs contained the same dominant taxa at each sampling 
event with different relative abundance, except non-acclimated SBRs operated at an 
SRT of 2 days. As can be seen in Figure 4.12, these SBRs presented a decrease in the 
number of dominant taxa accompanied by a noticeable increase > 90% in the relative 
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abundance of betaproteobacteria class after week 6 through week 8. 
 
 
 
 
 
 
 
 
 
 
Figure 4.10: Class-taxa classification for acclimated SBRs operated at SRT of 2 days. 
Others represent taxa with a relative abundance < 1%.  
 
  Figure 4.11: Class-taxa classification for acclimated SBRs operated at SRT of 10 days.  
Others represent taxa with a relative abundance < 1%. 
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Figure 4.12: Class-taxa classification for non-acclimated SBRs operated at SRT of 2 days.  
Others represent taxa with a relative abundance < 1%.  
 
 
Figure 4.13: Class-taxa classification for non-acclimated SBRs at SRT of 10 days. 
                       Others represent taxa with a relative abundance < 1%.  
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Further analysis showed that the predominant member within this class was the genus 
Acidovorax belonging to the family Comamonadaceae (Fig. 4.14). 
 
 
Figure 4.14: Class-taxa classification for non-acclimated SBRs operated at SRT of 2 days at 
week 6, 7 and 8. Others represent taxa with a relative abundance < 1%.  
 
Acidovorax species have also been found in many denitrifying bioreactors and 
enrichment cultures [2, 13] and signiﬁcant levels of Acidovorax have been measured 
in activated sludge by ﬂuorescent in situ hybridization with Acidovorax-speciﬁc 
probes [2, 40]. 
Dendrograms were constructed to determine the reproducibility and stability in 
the microbial community structure of replicate SBRs at each SRT (Fig. 4.15). All the 
dendrograms show that the bacterial community structure is evolving where at each 
sampling event the community structure is different from the previous sampling 
event.  Additionally, cluster analysis revealed that the bacterial community structure 
in replicate SBRs have diverged after week 4 despite constant operating conditions.  
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These results suggest the microbial community in replicate reactors evolved 
differently.  
 
 Figure 4.15: Dendrograms constructed in Tree View using UPGMA method. 
 
4.3.1 Effect of SRT on Diversity  
The Shannon–Weaver (H’) index is a nonparametric diversity index that combines 
estimates of richness (total number of OTUs) and evenness (relative abundance of 
OTUs) [41]. Chao1 is a nonparametric estimator of the minimum richness (number of 
OTUs) and is based on the number of rare OTUs within a sample [8]. Chao1 and 
Shannon-Weaver indices were measured to determine the effect of SRT on microbial 
diversity using MOTHUR [39]. The Shannon index of diversity for SBRs operated at 
an SRT of 10 days was higher than SBRs operated at an SRT of 10 days (Table 4.2).   
Similar results were observed using Chao 1 index of diversity (Table 4.2).   
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These results suggest that SBRs operated at an SRT of 10 days have higher diversity 
than SBRs operated at an SRT of 2 days.  OTUs were determined based on a 95% 
sequence similarity by the furthest-neighbor method using MOTHUR [39]. The 
Highest values were noted for SBRs operated at an SRT of 10 days.  
 
Table 4.2: Diversity Indices generated for weeks 4, 6 and 8 
Sampling 
Period 
SBRs % 
Similarity 
OTUs 
#OTUs Chao1 Shannon 
Index 
(H’) 
Week 4 A-R1-2d 0.05 242 641.63 6.09 
A-R2-2d 155 362.83 6.32 
A-R1-10d 147 313 6 
A-R2-10d 143 387.75 5.84 
N-R1-2d 241 499.78 6.14 
N-R2-2d 127 350.13 4.41 
N-R1-10d 7 22 2.52 
N-R2-10d 121 287.83 3.91 
Week 6 A-R1-2d 0.05 313 701.56 4.99 
A-R2-2d 365 764.67 5.2 
A-R1-10d 497 1049.11 6.28 
A-R2-10d 448 950.05 5.4 
NA-R1-2d 170 380.42 1.25 
NA-R2-2d 411 955.97 4.08 
NA-R1-10d 592 1258.26 6.34 
NA-R2-10d 637 1417.01 6.45 
Week 8 A-R1-2d 0.05 366 996.09 5.24 
A-R2-2d 305 771.75 3.43 
A-R1-10d 400 734.95 5.28 
A-R2-10d 393 1037.88 4.37 
NA-R1-2d 188 436.64 3.12 
NA-R2-2d 190 366.14 2.84 
NA-R1-10d 226 500 5.03 
NA-R2-10d 331 808.5 3.72 
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V.DISCUSSION 
5.1 Reactor performance 
For the broad-scale functions such as the removal of COD, the variability between 
acclimated and non-acclimated SBRs operated at the same SRT was not significant.  
These results suggest a high degree of functional redundancy among aerobic 
heterotrophs where the loss of one group of microorganism will be compensated by 
another group. Previous studies reported that broad functions are independent of 
the origin of the inocula [25] and shifts in bacterial community structure [12, 47]. 
On the contrary, effluent NH3-N, NO2 -N, and NO3-N concentrations were 
different between acclimated and non-acclimated SBRs. An interesting finding was 
observed for acclimated SBRs operated at an SRT of 10 days where an increase in 
NO3-N effluent was correlated with an increase in the relative abundance of Nitrospira 
(nitrite oxidizing bacteria) (Figs 4.4, 4.13). This suggests that specific functions (e.g. 
nitrification) are dependent on the microbial community structure. 
According to Rittman (2001), one of the main causes of sludge bulking is the 
presence of filamentous microorganisms that extend from flocs into the bulk solution 
resulting in poor settling. As a consequence, high SVI values were observed in this 
study for SBRs A-R1-2d, NA-R1-2d, NA-R2-2d, NA-R1-10d and NA-R2-10d (Fig. 
4.6). This resulted in a considerable loss of biomass.  On the contrary, acclimated 
SBRs showed low values of SVI and good settling, except for A-R1-10d.  Wilén et al. 
[48] reported an increase in SVI due to the presence of filamentous microorganisms.  
Unintentional perturbations such as excessive wastage due to poor 
settling were observed for SBRs: NA-R1-2d, NA-R2-2d, NA-R1-10d, and NA-
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R2-10d (Fig. 4.9). This was confirmed by the decrease in VSS concentrations 
from 2900 mg/L to nearly 400mg/l. Previous studies also concluded that low 
biomass concentrations reflect high SVI values, which is a consequence of sludge 
bulking [24].  
In general, SVI values for reactors NA-R1-10d and NA-R2-10d had a 
significant variability during the course of the experiment.  Also, there was a clear 
difference in SVI values between reactors A-R1-10d and A-R2-10d (Fig. 4.6). 
Overall acclimated SBRs operated at an SRT of 2 days showed better 
reproducibility in terms of physical and chemical analysis.  
 
5.2 Reproducibility and Stability of the Bacterial 
Community Structure in Replicate SBRs 
In the current study, the community structure for all SBRs was dynamic and 
constantly changing at each sampling event (Fig. 4.14). Several studies confirm this 
dynamic behavior in lab-scale reactors under constant operational conditions [35, 
36, 37]. 
A number of investigators attributed these dynamic behaviors in the 
community structure  in lab-scale reactors to a new selective pressure imposed on 
the initial seed [12]and competition for limiting resources [19] that might generate 
chaotic fluctuations and oscillations in species abundance [19, 20].  A mathematical 
model has been developed to describe the mechanism behind these chaotic 
dynamics [35, 36].  
Despite the fact that replicated SBRs were operated under identical 
48 
 
operating conditions in this study, the microbial community structure was not 
reproducible. A possible explanation of this divergence in community structure 
between replicate lab-scale reactors was suggested by Kaewpitat et al. [22] where 
they argued that the transfer of activated sludge from WWTP to laboratory 
conditions might affect the microbial community structure because conditions in 
full-scale WWTPs are different from lab-scale conditions. They proposed that 
initial inoculum brought into the lab from WWTPs should be adapted to lab 
conditions before being split into replicate bioreactors [22]. In the current study, the 
bacterial community structure of replicate acclimated SBRs was different despite 
an initial acclimation period of 6 weeks. 
Surprisingly, this dynamic behavior is not seen in large-scale biological 
treatment plants and this could be explained by the principle of island 
biogeography, which predicts that larger reservoirs (e.g. WWTP) have higher 
biodiversity and more stable community structure [9]. 
Despite the fact that SBRs were operated at constant operational 
conditions for 8 weeks, we could not observe a convergence in  the community 
structure between acclimated and non-acclimated inoculums (Fig. 4.14). This 
suggests that replicate communities undergo erratic changes in time and different 
communities develop under similar habitat conditions [7]. Ayarza et al. [7] have 
investigated this behavior, using neutral theory where the bacterial composition is 
influenced by the total diversity and the species abundance distribution in the 
metacommunity.  
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5.3 Effect of SRT on Diversity 
Studies on biodiversity in microecology are important to determine ecosystem 
stability [28, 42]. This theory (diversity-stability) postulates that higher diversity 
enhances performance when the system is exposed to environmental perturbations 
(e.g. toxic shock loads). Several studies have tried to explain how microbial 
diversity is affected by operational parameters in activated sludge processes, 
particularly the solids retention time [35, 37]. In the current study we tested the 
effect of SRT on bacterial diversity over 8 weeks of operation. The greatest 
diversity in terms of diversity indices (H’ and Chao1) was observed for reactors 
operated at an SRT of 10 days.   
It is important to mention that time plays an important role in measuring 
biodiversity in lab-scale bioreactors. This could be observed at week 4 where SBRs 
operated at an SRT of 2 days had higher diversity than reactors operated at an SRT 
of 10 days, but diversity measures for weeks 6 and 8 showed that reactors 
operated at an SRT of 10 days had higher diversity than reactors operated at an 
SRT of 2 days (Table 4.2). Saikaly et al [37] using T-RFLP showed that diversity 
was higher for SBRs operated at an SRT of 2 days compared to SRT of 8 days. 
This could be due to the fact that the SBRs were operated for 3 X SRT (i.e. 6 days 
for SRT 2 days and 24 days for SRT 8 days) and during this short period the 
microbial community was changing and did not adapt to lab conditions.  
Akarsubasi et al. [5] using DGGE showed that sludge age did not have a detectable 
effect on biodiversity. They speculate that the impact of sludge age cannot be 
detected using DGGE because it only detects dominant species excluding rare 
species. Similar results were found by Hallin et al. [18] who tested the effect of 
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SRT in a full-scale WWTP. They found no detectable effect of SRT on the 
community composition of AOB. In the current study, 16S rRNA gene 
pyrosequencing was used to detect both dominant and rare microorganisms. 
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 VI. CONCLUSION 
 
 In this thesis, we studied the effect of SRT on microbial diversity in lab-scale 
Sequencing Batch Reactors (SBRs) using an acclimated and non-acclimated 
inoculum from domestic wastewater treatment plant.  
Reactor performance in terms of COD removal was stable despite  shifts in 
microbial community structure .These results suggest the presence of functional 
redundancy where coexisting species assemble to perform similar functions.  
Also, broad functioning microbial groups have larger and more dynamic 
metacommunity [10]. Acclimated inoculums presented advantages over non-
acclimated seed in terms of reactor performance. Also, nitrification activity was 
present in acclimated SBRs of 10 days. We could not observe whether the 
acclimated and non-acclimated inoculums will converge with time, because the 
experiment measurements were analyzed just for 8 weeks.  
Acclimated SBRs communities were dominated by alpha, beta and gamma- 
proteobacteria. The other community, exemplified by non-acclimated SBRs, had 
different class types mainly from proteobacteria phylum. High relative abundance 
of the genus Acidovorax was detected for non-acclimated SBRs operated at an 
SRT of 2 days after week 6, this genus is a filamentous microorganism found 
in activated sludge process [13]. This explained the bulking occurred for the 
non-acclimated SBRs.  
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It was concluded that high microbial diversity was present for reactors operated at 
SRT of 10 days and despite the fact that replicate SBRs were operated under 
identical operations conditions, microbial community structure diverged with time 
and was not stable. 
A future application of these studies could be the implement of the SRT as a 
design tool to enhance bacterial diversity in activated sludge in order to maintain 
performance on broad-scale functions (contaminants removal) and specific 
functions (nitrification,) when the system is exposed to environmental perturbations 
(e.g. toxic shocks loads) as well as the increase the grade of resilience after 
disturbances. 
 
 
 
 
 
 
 
 
 
53 
 
References 
[1] Amann, R. I., W. Ludwig, and K. H. Schleifer. (1995). Phylogenetic 
identification- ion and in situ detection of individual microbial cells without 
cultivation. Microbiological reviews. 59: 143-169. 
 
[2] Amann, R, Ludwig, W, Schulze, R, Spring, S, Moore, E, Schleifer, KH (1996). 
rRNA targeted oligonucleotide probes for the identification of genuine and former 
pseudomonads. Syst Appl Microbiol. 19: 501–509. 
 
[3] Andreadakis A. D. (1993). Physical and chemical properties of activated sludge  
floc, Wat. Res. 27:1707-1714. 
 
[4] American Public Health Association (1998). Standard methods for the 
examination of water and waste water, 20th ed. United Book Press, Inc., Baltimore, 
Md. 
 
[5] Akarsubasi, AT, Eyice, O, Miskin, I, Head, IM, Curtis, TP. (2009). Effect of 
sludge age on the bacterial diversity of bench scale sequencing batch reactors. 
Environ. Science and Technology. 43: 2950-2956. 
 
[6] Ayarza, JM, Guerrero, LD, Erijman L. (2009). Nonrandom assembly of 
bacterial populations in activated sludge flocs. Microbiology Ecology. 59: 436-444. 
 
54 
 
[7] Ayarza, JM, Erijman, L. (2010). Balance of Neutral and Deterministic 
Components in the Dynamics of Activated Sludge Floc Assembly. Microbial 
Ecology. 61: 486-495. 
 
[8] Chao A. (1987). Estimating the population-size for capture recapture data with 
unequal catchability. Biometrics 43: 783–791. 
 
[9] Curtis, T. P., I. M. Head, and D. W. Graham (2003). Theoretical ecology for 
engineering biology. Environ. Sci. Technol. 37:64A-70A. 
 
[10] Curtis, T.P., Sloan, W.T., 2006. Towards the design of diversity: stochastic 
models for community assembly in wastewater treatment plants. Water Science and 
Technology 54: 227-236. 
 
[11] Daims H, Taylor MW, Wagner M. (2006). Wastewater treatment: a model 
system for microbial ecology. Trends in Biotechnology. 24: 483-489. 
  
[12] Falk MW, Song KG, Matiasek MG, Wuertz S (2009). Microbial community 
dynamics in replicate membrane bioreactors: natural reproducible fluctuations. 
Water Res. 43: 842-852. 
 
[13] Gentile M, Yan T, Tiquia SM, Fields M, Nyman J, Zhou J et al. (2006).  
Stability in a denitrifying fluidized bed reactor. Microbiol Ecol 52: 311–321. 
 
55 
 
[14] Ghanizadeh GH, Sarrafpour R. (2001). The effects of temperature and pH on 
settlability of activated sludge flocs. Iranian journal of public health. 30: 139-142. 
 
[15] Govoreanu, R., Seghers, D., Nopens, I., De Clercq, B., Saveyn, H., Capalozza, 
C., Van der Meeren, P., Verstraete, W., Top, E. and Vanrolleghem, P.A. (2002). 
Linking floc structure and settling properties to activated sludge population 
dynamics in an SBR. In: Proceedings 3rd IWA World Water Congress. April7–12, 
Melbourne, Australia. 
 
[16] Greene, E.A., Kay, J.G., Jaber, K., Stehmeier, L.G., Voordouw G. (2000). 
Composition of soil microbial communities enriched on a mixture of aromatic 
hydro- carbons. Appl. Environ. Microbiol. 66: 5282-5289. 
 
[17] Hamady,Micah, et al. (2009). Fast UniFrac: facilitating high-throughput 
phylogenetic analyses of microbial communities including analysis of 
pyrosequencing and PhyloChip data. The ISME Journal. 4, 17-27. 
 
[18] Hallin S. Lydmark P, Kokalj S, Hermansson M, Srensson F, Jarvis A, 
Lindgren PE. (2005). Community survey of ammonia-oxidizing bacteria in full- 
scale activated sludge processes with different solids retention time. Journal of 
Applied Microbiology. 99: 629-640. 
 
[19] Huisman, J., and F. J. Weissing (2001). Biological conditions for oscillations 
and chaos generated by multispecies competition. Ecology 82:2682–2695. 
56 
 
[20] Huisman, J., and F. J. Weissing (2002). Oscillations and chaos generated by 
competition for interactively essential resources. Ecol. Res. 17:175–181. 
 
[21] Kaewpipat K. and Grady C. P. L. Jr. (2001). Population dynamics in 
laboratory-scale activated sludge reactors, Proceedings 3rd IWA International 
Specialized Conference on Microorganisms in Activated Sludge and Biofilm 
Processes. Rome, Italy, June 13-15 2001 (on CD-ROM). 
 
[22] Kaewpipat, K., and C. P. L. Grady (2002). Microbial population dynamics in 
laboratory-scale activated sludge reactors. Water Sci. Technol. 46:19–27. 
 
[23] Karapinar Kapdan, Ilgi (2005). Effect of operating parameters on color and 
COD removal performance of SBR: Sludge age and initial dyestuff concentration. 
Journal of Hazardous Materials. 123: 212-222. 
 
[24] Kargi, F, Uygur A (2002). Nutrient removal performance of a sequencing 
batch reactor as a function of the sludge age. Enzyme and Microbial Technology, 
31:842-847. 
 
[25] Langenheder, S, Lindstrӧm E. S, Tranvik L. J (2005). Structure and function 
of bacterial communities emerging from different sources under identical 
conditions. Applied and Environmental Microbiology. 72: 212-220. 
 
 
57 
 
[26] Manisha, Kapur (2004). Microbial Diversity: Exploring the Unexplored. 
Institute of Microbial Technology, Sector 39-A, Chandigarh-160036, India. 
  
[27] Margesin, R., Labbe, D., Schinner, F., Greer, C.W., Whyte L.G. (2003). 
Characterization of hydrocarbon-degrading microbial populations in contaminated 
and pristine Alpine soils. Appl. Environ. Microbiol. 69: 3985-3092. 
 
[28] Naeem, S., and S. B. Li. (1997). Biodiversity enhances ecosystem reliability. 
Nature 390:507–509. 
 
[29] Pollice, A, Lestingi C (2001). Influence of aeration and sludge retention time 
on ammonium oxidation to nitrite and nitrate. Water Research.36: 2541-6. 
 
[30] Pollice, Alfieri (2007). Effects of sludge retention time on the performance of 
a membrane bioreactor treating municipal sewage. Journal of Membrane 
Science.317: 65-70. 
 
[31] Rittman, Bruce (2001). Environmental Biotechnology: Principles and 
Applications. McGraw-Hill. 
 
[32] Rittman Bruce (2006). Microbial Ecology to Manage Process in 
Environmental Biotechnology. Trends in Biotechnology. 24: 261-266. 
 
58 
 
[33] Rittman Bruce (2011). Environmental Biotechnology in Water and 
Wastewater Treatment. Journal of Environmental Engineering. 136: 348-353. 
 
[34] Roesch, Luiz FW (2007) . Pyrosequencing enumerates and contrasts soil 
microbial diversity. The ISME Journal. 1: 283-290.  
 
[35] Saikaly, P. E., and D. B. Oerther (2004). Bacterial competition in activated 
sludge: Theoretical analysis of varying solids retention times on diversity. 
Microbial Ecology 48: 274-284. 
 
[36] Saikaly, Pascal (2005). Ecological Approach to Mitigate Toxic Shock Loads in 
Activated Sludge Systems. Assessing the Impact of Solids Retention Time on 
Activated Sludge Bacterial Diversity by 16S RRNA Gene Terminal Restriction 
Fragment Analysis. Chapter 3th. Ph.D. Dissertation. University of Cincinnati, 
USA. 
 
[37] Saikaly PE, Stroot PG, Oerther DB (2005) Use of 16S rRNA gene terminal 
restriction fragment analysis to assess the impact of solids retention time on the 
bacterial diversity of activated sludge. Appl Environ Microbiol 71: 5814-5822. 
 
[38] Sanapareddy, Nina (2008). Molecular Diversity of a North Carolina 
Wastewater Treatment Plant as Revealed by Pyrosequencing. Applied and 
Environmental Microbiology. 75: 1688-1696. 
 
59 
 
[39] Schloss, P.D., et al.  (2009). Introducing MOTHUR: Open-source, platform- 
independent, community-supported software for describing and comparing 
microbial communities. Appl Environ Microbiology. 75(23): 7537-4. 
 
[40] Schulze, R, Spring, S, Amann, R, Huber, I, Ludwig, W, Schleifer, KH, 
Kampfer, KH (1999). Genotypic diversity of acidovorax strains isolated from 
activated sludge and description of Acidovorax defluvii sp nov. Syst Appl 
Microbiol 22: 205–214.  
 
[41] Shannon CE, Weaver W. (1963). The Mathematical Theory of 
Communication. University of Illinois Press: Urbana,IL, USA. 
 
[42] Tilman, D. 1999. The ecological consequences of changes in biodiversity: a 
search for general principles. Ecology 80:1455–1474. 
 
[43] Wagner Michael (2002). Microbial Community Composition and Function in 
Wastewater Treatment Plants. Antoine Van Leeuwenhoek. 81: 665-680. 
 
[44] Wang, Q, G. M. Garrity, J. M. Tiedje, and J. R. Cole (2007). Nave Bayesian 
Classifier for Rapid Assignment of rRNA Sequences into the New Bacterial 
Taxonomy. Appl Environ Microbiol. 73(16): 5261-7. 
 
60 
 
[45] Watanabe, K., Futamata H., Harayama, S. (2002). Understanding the diversity 
in catabolic potential of microorganisms for the development of bioremediation. 
Anton. Van Leeuwen. 81: 655-663. 
 
[46] Wilén B.M. and Balmer P. (1999).The effect of dissolved concentration on the 
structure, size and size distribution of activated sludge flocs. Wat. Res., Vol.33, 
No.2, pp. 391-400. 
 
[47] Wittebolle L., W. Verstraete, and N. Boon (2009). The inoculum effect on the 
ammonia-oxidizing bacterial communities in parallel sequential batch reactors. 
Water research. Elsevier Ltd 43:4149-58. 
 
